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HIGHLIGHTS 


•  Cyclic  electrodeposition  of  Pt  on 
cube-like  Cr  films  provides  efficient 
counter  electrodes. 

•  The  rough  Cr  coating  can  be  electro- 
deposited  on  large  area  with  low 
cost. 

•  Highly  dispersed  Pt  nanoparticle 
layer  on  defect  sites  and  edges  of  Cr 
cubes  is  formed. 

•  Rct  as  low  as  0.27  Q  cm2  and  solar  cell 
efficiency  more  than  9%  is  obtained. 

•  Cr  and  Pt  depositions  are  made  at 
low  temperature,  hence  are  suitable 
for  flexible  DSCs. 
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There  is  still  an  open  question  of  how  to  prepare  high-performance  counter  electrodes  for  dye  solar  cells 
(DSCs)  at  room  temperature;  a  requirement  for  flexible  DSCs.  Here,  we  introduce  Pt  deposited  cube-like 
chromium  coating  as  a  low-temperature  highly-efficient  counter  electrode  for  DSCs.  Cr  is  a  chemically 
stable  metal  and  can  be  easily  electroplated  on  conductive  substrates  with  high  roughness  (here 
~  160  nm)  and  cube-like  appearance.  A  cyclic  electrochemical  deposition  method  with  optimized 
temperature  and  number  of  cycles  is  used  to  grow  Pt  nanoparticles  on  this  surface  and  charge  transfer 
resistance  as  low  as  0.54  Q  cm2  and  0.27  Q  cm2  were  obtained  at  40  °C  and  55  °C  solution  temperatures, 
respectively.  More  surface  defects  (kinks,  terraces  and  ledges)  on  the  cube-like  chromium  film,  as  well  as 
the  electric  field  enhancement  near  the  cube  edges  produces  more  dispersed  Pt  nanoparticles  on  this 
substrate  compared  to  FTO  (fluorine  doped  tin  oxide)  substrate.  By  replacing  the  conventional  DSC 
counter  electrode  (thermal  Pt  on  FTO)  with  this  new  electrode,  filling  factor  and  efficiency  increase  from 
0.63-6.6%  to  0.68-8.77%,  without  a  scattering  film.  The  efficiency  can  be  as  high  as  9.52%  by  using  a 
scattering  film. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 
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Dye  solar  cells  (DSC)  include  a  photoanode  consisting  a  dye 
adsorbed  mesoporous  layer  of  metal  oxide  nanoparticles  (usually 
Ti02  or  ZnO)  on  a  transparent  conductive  oxide  (usually  fluorine- 
doped  tin  oxide:  FTO),  a  catalyst  coated  conductive  layer  (usually 
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platinum  coated  FTO)  as  a  counter  electrode  and  an  electrolyte 
containing  a  redox  couple  (usually  I- /I§" )  in  between.  By  light  ab¬ 
sorption,  electrons  are  injected  from  the  excited  dyes  to  the  con¬ 
duction  band  of  metal  oxide.  The  lack  of  electron  in  the  dye 
molecule  is  compensated  by  oxidizing  P  to  I3 ,  followed  by  the 
diffusion  and  reduction  of  IT  ions  to  P  at  the  surface  of  counter 
electrode  [1  ].  In  the  last  decade,  DSC  has  attracted  attention  due  to 
comparatively  low  production  cost  and  simplicity  of  fabrication. 
However,  for  large  scale  production  and  large  size  modules,  the 
FTO/glass  substrates  are  not  favoured  due  to  the  high  price  and  high 
sheet  resistance.  The  FTO  high  sheet  resistance  leads  to  loss  of  the 
conversion  efficiency  (17),  mainly  by  reducing  the  filling  factor  (FF). 

Metal  sheets  have  the  advantage  of  lower  price  and  better 
electrical  conductivity;  however,  many  of  them  are  unstable  in  the 
aggressive  DSC  electrolyte.  The  conventional  DSC  electrolyte  con¬ 
tains  iodine  as  a  major  component,  which  is  corrosive  and  pro¬ 
hibitive  for  using  a  wide  variety  of  metals,  either  as  substrates  or  as 
bus  bars.  Metals  such  as  Cu  [2],  A1  [2-4],  Fe  [4,5],  Ag  [3],  Au  [3],  Zn 
[4,5  ,  Pd  [6]  and  also  alloys  such  as  carbon  steel  5]  are  corroded  in 
iodine  electrolytes. 

Several  attempts  have  been  so  far  made  for  replacing  FTO  of  the 
counter  electrode  with  metals,  such  as  stainless  steel  foils  [5,7-11  ], 
Ni  foils  [12],  Ti  sputtered  layers  [13,14],  Ti  foils  [15],  Ti  mesh  [16], 
submicron  graphite  [17]  and  other  carbon  materials  (in  monolithic 
DSCs  [18-20]  or  conventional  cells  [21,22]).  The  aim  is  to  reduce 
the  cost  of  the  cells  and  also  decrease  the  series  resistance  which  is 
very  important  in  large  cells  or  modules.  Although  using  Ti  mesh 
and  foil  reduces  the  series  resistance  of  DSCs,  it  cannot  considerably 
reduce  the  cost.  In  case  of  Ni  and  stainless  steel,  the  issue  of 
corrosion  is  still  controversial;  some  believe  that  they  are  not  stable 
[3,6,10,11,23,24]  and  should  be  used  with  a  protective  layer,  and 
some  have  shown  that  they  are  stable  even  without  any  protective 
layer  [5,7].  It  has  been  shown  by  electrochemical  impedance 
spectroscopy  (EIS)  that  the  corrosion  resistance  of  stainless  steel- 
304  decreases  in  the  first  24  h  [25]. 

Chromium  is  a  chemically  stable  metal  in  corrosive  media,  due 
to  a  native  compact  oxide  layer  on  its  surface.  It  can  also  be  easily 
electrodeposited  over  large  scale  conductive  substrates  with  low 
cost.  The  morphology  and  surface  roughness  can  be  controlled  by 
varying  electrodeposition  conditions.  There  is,  however,  no  report 
so  far  on  using  electrodeposited  chromium  as  a  substrate  for  DSC 
counter  electrode.  Here  in  this  paper  we  are  evaluating  chromium 
as  the  substrate  of  counter  electrode. 

Platinum  is  the  usual  electro-catalyst  material  used  in  the 
counter  electrode  of  DSCs.  Pt  is  chemically  stable  and  shows  the 
best  catalytic  activity  for  the  reduction  of  triiodide  ions.  The  cata¬ 
lytic  activity  of  other  materials  is  generally  inferior;  materials  such 
as  TiN  nanotubes  [26]  WO2  nanorods  [27],  M02C  and  WC  28], 
Cr3C2,  CrN,  VC(N),  VN,  TiC,  NiS  29],  V203  [30],  TaOx,  Ta3N5,  Ta4C3 
[31],  polymer  materials  [32,33]  and  carbon  based  materials  [34,35] 
have  been  used  as  the  catalyst  of  counter  electrode.  Among  these, 
carbon  materials  and  structures  [22]  have  attracted  more  attention. 
A  drawback  for  carbon  coatings  is  the  low  adhesion  to  the  sub¬ 
strates  34],  and  the  large  thickness  (several  micrometers)  required 
in  order  to  attain  highly  efficient  cells  [36]. 

Pt  is  conventionally  deposited  on  FTO  by  thermal  decomposition 
of  a  Pt  salt,  usually  H2PtCl6.  While  this  method  provides  well 
dispersed  and  highly  adhering  Pt  nanoparticles  on  the  surface  [37], 
it  cannot  be  used  for  plastic  substrates,  which  do  not  tolerate 
thermal  treatments.  Methods  such  as  physical  vapour  deposition 
(PVD,  such  as  sputtering),  chemical  reduction,  photochemical 
deposition  and  electrodeposition  are  introduced  as  low  tempera¬ 
ture  processes  for  counter  electrode.  PVD  method  is  too  expensive 
and  not  economically  favoured  for  large  scale  deposition.  Chemical 
liquid-phase  reduction  methods  on  FTO/glass  [38,39],  ITO-PEN 


(indium  tin  oxide  coated  polyethylenenaphthalate)  [40],  Ni  and 
stainless  steel  foil  [12  have  been  tried;  however,  Pt  nanoparticles 
by  these  methods  are  not  generally  well  stable  in  DSCs  41  ],  while  it 
is  claimed  that  in  case  of  gas-phase  reduction  method,  good 
adhesion  is  obtained  [42].  Photo-platinization,  using  Ti02  as  a 
photo-catalyst,  has  been  also  reported.  A  disadvantage  of  this 
method  is  the  high  sensitivity  of  the  product  to  the  thickness  of 
Ti02  [43].  Among  the  low  temperature  Pt  deposition  methods, 
electrodeposition  seems  more  versatile  and  promising. 

An  important  factor  in  the  performance  of  a  counter  electrode  is 
the  surface  roughness,  that  is,  the  active  catalytic  area  of  the  elec¬ 
trode.  Generally  two  routs  could  be  considered  to  control  the 
roughness,  i.e.  controlling  Pt  deposition  conditions,  and  utilizing 
rough  substrates  for  Pt  deposition. 

Fang  and  co-workers  indicated  that  by  increasing  the  thickness  of 
a  Pt  sputtered  film  from  2  nm  up  to  25  nm,  the  charge  transfer 
resistance  is  decreased.  The  trend  stops  for  thicker  films  where  it 
becomes  mirror-like  [44].  Electrodeposition  provides  more  param¬ 
eters  to  control  the  morphology  and  the  roughness,  via  different 
electrodeposition  methods  (constant  current  [45-47],  constant 
voltage  [48  ,  pulse  [45,49-52]  and  cyclic  electrodeposition  [53]). 
These  depositions  are  done  using  Pt  salts  [45-47,49-52]  or  Pt 
nanoparticles  [48  .  There  is  controversy  on  the  quality  of  electro¬ 
deposited  Pt  counter  electrodes.  Some  believe  that  thermal 
decomposition  method  results  in  superior  counter  electrodes  [45], 
while  others  claim  that  electrochemical  deposition  produces  higher 
surface  area  and  therefore  higher  photocurrent  density  [48-52]. 
Various  deposition  conditions  and  charge  transfer  resistance  have 
been  reported  for  these  counter  electrodes  (ether  deposited  using 
thermal  decomposition  or  electrodeposition).  In  the  current 
research  we  first  synthesize  high  performance  counter  electrodes 
using  thermal  decomposition  (charge  transfer  resistance  about 
1.1  Q  cm2),  which  is  used  to  compare  with  the  electrodeposited 
counter  electrodes.  It  has  been  shown  that  by  a  pulse  current  elec¬ 
trodeposition  method,  mono-sized  Pt  nanoparticles  formation  oc¬ 
curs,  whereas  in  the  direct  current  electrodeposition,  dendritic 
growth  occurs  [47].  The  pulsed  electrodeposition  method  also  pro¬ 
vides  greater  surface  area  and  higher  chemical  activity  compared  to 
the  sputtering  method  [49].  A  charge  transfer  resistance  of  about 
8.4  Q  cm2  with  transmission  of  80%  is  reported  for  a  FTO-Pt  counter 
electrode  that  is  deposited  using  pulse  electrodeposition  [50]. 

More  elaborated  methods  such  as  using  polystyrene  [54]  or  Ti02 
[55  as  a  template  or  scaffold  have  been  used  to  produce  Pt  films  of 
higher  active  surface  area  [54].  The  surface  area  of  the  deposited  Pt 
can  also  be  enhanced  by  using  textured  or  rough  substrates.  For 
stainless  steel  foil,  it  has  been  shown  that  etching  in  acidic  solutions 
enhances  the  quality  of  Pt  counter  electrode  [12,56].  Similarly, 
texturing  FTO  substrates  to  increase  the  roughness  has  been  re¬ 
ported  very  effective  [57].  By  changing  the  FTO  roughness  from 
0.18  nm  to  28.3  nm,  Pt  charge  transfer  resistance  has  decreased 
from  9.7  Q  cm2  to  4.55  Q  cm2,  respectively  57]. 

Here  in  this  paper,  we  introduce  cube-like  chromium  coating  as 
a  rough  coating  with  high  chemical  stability  and  low  sheet  resis¬ 
tance  that  provides  high  surface  area  for  electrodeposition  of  Pt. 
High  electric  field  strength  at  the  edges  of  the  Cr  semi-cubes  on  the 
surface,  as  well  as  large  surface  defect  density  around  the  edges, 
seem  to  be  critical  for  high  performance  Pt  deposition,  using  cyclic 
electrodeposition  at  the  controlled  temperature. 

2.  Materials  and  methods 

Cube-like  Cr  film  deposition  and  characterization. 

Chromium  on  FTO/glass  substrates  (15  GET1,  Dyesol)  was 
electrodeposited  in  a  two  electrode  configuration.  The  electrode¬ 
position  solution  contained  chromic  acid  (Cr03:  210  g  L-1)  and 
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sulphuric  acid  (H2SO4:  2.1  g  L_1).  The  counter  electrode  for  chro¬ 
mium  electrodeposition  was  a  Pb  electrode  and  the  solution  tem¬ 
perature  was  38  °C.  The  DC  current  to  produce  a  cube-like  surface 
on  a  1  cm  x  1.5  cm  FTO  substrate  was  0.2  A.  Cr  films  were  deposited 
for  30  s,  60  s,  120  s  and  240  s  to  investigate  the  effect  of  deposition 
time  on  the  surface  morphology.  The  samples  were  rinsed  and  Pt 
was  electrodeposited  right  after  Cr  plating,  to  avoid  formation  of 
oxide  layer.  The  stability  of  chromium  was  studied  using  Inductive 
Coupled  Plasma  atomic  emission  spectroscopy  (ICP).  The  root- 
mean-square  roughness  (firms)  of  deposited  Cr  films  was  deter¬ 
mined  using  Atomic  Force  Microscopy  (AFM)  images  (Veeco-CP 
research).  Diffuse  reflection  was  carried  out  using  an  integrating 
sphere  and  an  Avantes  photospectrometer  (Avaspec-2048TEC). 
Electron  microscopy  was  performed  using  a  Vega-Tescan  machine 
in  the  backscattered  electron  mode. 

2.1.  Ti02  photo-anode  preparation 

FTO  substrates  were  TiCU  treated  at  70  °C  in  a  solution  of  30  mM 
TiCU  (Merck)  in  DI  water.  The  photo-anode  film  was  produced  by 
doctor-balding  a  transparent  Ti02  paste  (Sharif  Solar)  composed  of 
20  nm  Ti02  nanoparticles,  followed  by  a  scattering  film  containing 
150-250  nm  Ti02  particles  (Merck).  The  pasted  layers  with  the 
active  area  of  0.45  cm  x  0.45  cm,  were  heat  treated  in  the  following 
sequence:  70  °C  (30  min),  320  °C  (15  min),  380  °C  (15  min),  450  °C 
(15  min)  and  500  °C  (1  h).  The  films  were  again  TiCLj  treated.  The 
thickness  of  the  final  transparent  and  scattering  films  was  17  pm  and 
4  pm.  The  electrodes  were  immersed  in  the  dye  solution  (0.2  mM  cis- 
di(thiocynato)-N,N'-bis  (2,2'-bipyridyl-4-caboxylic  acid-4' -tetrabu- 
tylammonium  carboxylate))  ruthenium(II)  (N719,Dyesol),  for  20  h, 
then  rinsed  using  an  acetonitrile  solution. 

2.2.  Pt  deposition 

For  the  conventional  counter  electrode,  Pt  is  deposited  by 
thermal  decomposition  method:  a  drop  of  5  mM  H2PtCl6-6H20  in 
2-propanol  solution  is  spread  on  the  surface  of  1  cm  x  1.5  cm 
substrate  (FTO  or  Cr),  followed  by  calcination  in  450  °C.  This  is 
repeated  for  two  times.  Pt  electrodeposition  was  performed  using  a 
cycling  deposition  method  by  a  three  electrode  system:  Ag/AgCl  as 
a  reference,  Pt-coated  FTO  as  a  counter  electrode  and  chromium- 
coated  substrate  as  a  working  electrode.  The  plating  solution  con¬ 
tained  3  mM  H2PtCl6  •  6FI2O  and  50  mM  KNO3  in  DI  water.  Bath 
temperature  and  number  of  deposition  cycles  were  changed  for 
optimization. 

2.3.  DSC  assembling  and  characterizing 

The  cells  were  sealed  using  60  pm  thick  syrlyn  sheets  (Dyesol) 
and  filled  with  an  electrolyte  containing  30  mM  I2  (Merck),  100  mM 
Lil  (Merck),  100  mM  guanidinium  thiocyanate  (GSCN)  (Merck),  1- 
butyl-3-methylimidazolium  iodide  (Aldrich)  and  500  mM  4-tert- 
butylpyridine  (TBP)  in  the  acetonitrile  and  valeronitrile  solvent 
(85:15  v/v).  Current— voltage  plots  were  recorded  using  a  Palmsens 
potentiostat  under  AM1.5  simulated  light  (Sharif  Solar).  Electro¬ 
chemical  Impedance  Spectroscopy  (EIS)  was  carried  out  using 
Autolab  potentiostat  in  frequency  range  105  Hz  down  to  1  Hz. 

3.  Results  and  discussions 

3.1.  Cube-like  Cr  electrodeposited  films 

Chromium  is  a  chemically  stable  metal  in  the  aggressive  iodine 
based  DSC  electrolyte  due  to  a  dense  native  oxide  layer  on  the 
surface.  Deposited  Cr  films  show  no  sign  of  dissolution  in  the 


electrolyte:  ICP  measurement  of  Cr  in  the  electrolyte  with  the  cube¬ 
like  Cr  substrate  immersed  in  shows  no  change  of  Cr  concentration 
for  about  6  days.  In  practice,  a  major  advantage  of  Cr  as  a  substrate 
is  that  it  can  be  electrodeposited  on  large  area  conductive  sub¬ 
strates  with  low  cost.  The  roughness  and  morphology  of  the  elec¬ 
trodeposited  film  is  controllable  by  changing  temperature, 
deposition  current  density  and  the  additives  of  the  plating  solution, 
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Fig.  1.  SEM  image  of  electrodeposited  Cr  film  with  constant  current  density 
(0.13  A  cm-2)  and  different  deposition  time:  a)  30  s,  b)  60  s,  c)  120  s  and  d)  240  s.  The 
cross-section  of  layers  is  illustrated  in  part  e  (e-a:  Cr  layer  that  is  deposited  using 
electrodeposition  method,  e-b:  Conducting  substrate,  here  FTO,  and  e-c:  glass).  Diffuse 
reflection  spectra  of  these  samples  are  also  illustrated  in  this  figure  compared  to  a  bare 
FTO  surface  (0  s)  (f). 
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and  the  thickness  can  be  controlled  by  monitoring  the  transferred 
charge.  The  morphology  and  DRS  spectra  for  different  deposition 
time  are  shown  in  Fig.  1.  For  deposition  time  of  30  s,  some  cube-like 
Cr  particles  are  produced  on  the  substrate.  With  increasing  depo¬ 
sition  time,  the  density  of  Cr-cubes  increases.  The  largest  cube  size, 
as  well  as  the  highest  DRS  is  obtained  for  deposition  time  of  60  s 
(Fig.  lc).  After  that,  smaller  cubes  fill  the  free  space  between  the 
large  cubes,  so  DRS  value  will  decrease.  The  deposition  time  of  120  s 
is  selected  in  this  research,  due  to  lower  electrical  resistance  and 
also  relatively  high  DRS  (about  40%)  and  roughness  (~160  nm) 
values.  In  addition  to  optical  effects,  the  high  surface  roughness  of 
the  cube-like  morphology  has  direct  effect  on  decreasing  the 
charge  transfer  resistance  at  the  counter  electrode  surface  due  to 
increasing  the  surface  area.  [12,41,49,54-57]. 

3.2.  Pt  deposition 

3.2.1.  Thermal  Pt  deposition 

Pt  is  conventionally  deposited  on  FTO/glass  substrates  using 
thermal  decomposition  method,  i.e.  by  spreading  a  drop  of  H2PtCl6 
solution  on  the  surface,  followed  by  heat  calcinations.  Fig.  2  shows 
SEM  images  of  the  surface  of  Pt-coated  and  uncoated  FTO.  Pt  is  a 
heavy  element,  so  Pt  nanoparticles  produce  more  intense  signal  in 
the  back  scattered  imaging  mode.  Comparing  the  morphology  of 
FTO  with  cube-like  Cr,  it  is  clear  that  cube-like  Cr  is  considerably 
rougher,  that  is,  provides  larger  surface  for  Pt  deposition. 

Pt  was  similarly  deposited  on  Cr  substrates  using  thermal 
decomposition  method.  The  FTO-Pt  and  Cr-Pt  electrodes  were  used 
as  the  counter  electrode  of  DSCs.  The  performances  of  the  devices 
are  displayed  in  Fig.  3.  One  notes  that  for  Cr-Pt  film  there  is  a  major 
degradation  in  the  filling  factor  of  the  cell  (0.63  versus  0.42),  which 
implies  an  increase  in  the  internal  resistivity  of  the  cell.  The  re¬ 
sistivities  of  the  cells  were  traced  using  EIS  Nyquist  plots  (Fig.  3b). 
The  three  semi-circles  are  clearly  distinguishable  for  the  FTO-Pt 
cell;  correspond  to  the  charge  transfer  at  the  counter  electrode 
(higher  frequency,  left  side),  the  charge  transfer  at  the  Ti02  inter¬ 
face,  and  the  ionic  transport  in  the  electrolyte  (low  frequency,  right 
side).  For  the  Cr-Pt  cell,  a  large  semi-circle  appears  which  corre¬ 
sponds  to  the  interface  at  the  counter  electrode  and  the  electrolyte. 
This  large  semicircle  completely  covers  the  semi-circle  related  to 
the  Ti02  interface.  The  charge  transfer  resistance  values  can  be 
easily  estimated  using  circuit  models  consisting  RC  elements  [56]. 

The  values  obtained  for  the  counter  electrodes  of  FTO-Pt  and 
Cr-Pt  are  1.1  Q  cm2  and  23.0  Q  cm2,  respectively.  The  very  large 
interface  charge  transfer  resistance  is  caused  by  the  chromium 
oxide  film  which  is  formed  and  thickened  during  the  Pt  thermal 
decomposition  process  at  450  °C.  This  oxide  film  acts  as  a  barrier  for 
the  electron  transfer  from  Pt  nanoparticles  to  the  Cr  substrate.  It  is 
noteworthy  to  observe  that  the  series  resistance  of  the  cell  is  not 
increased,  and  the  adverse  effect  of  the  oxide  film  is  on  the  electron 
transfer  processes.  The  formation  of  the  oxide  film  and  the  negative 


Fig.  2.  SEM  images  of  bare  FTO  surface  (a)  and  Pt  thermal  deposited  FTO  (b). 
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Fig.  3.  Comparing  current  density-voltage  (a)  and  internal  resistance  (b:  Nyquist  plot) 
of  DSCs  with  Pt-deposited  FTO  and  Pt-deposited  Cr  substrates.  Pt  was  deposited  by 
thermal  decomposition  method  for  both  cases,  and  the  films  were  used  as  the  counter 
electrode  of  DSCs. 

impact  on  the  filling  factor  and  the  performance  of  the  cell  have 
been  also  reported  for  stainless  steel  substrates  [2,5]. 

3.2.2.  Cyclic  electrochemical  deposition  of  Pt 
3. 2. 2.1.  The  deposition  procedure.  For  the  electrochemical  deposi¬ 
tion  of  Pt,  a  low  concentration  of  H2PtCl6  -6H20  (3  mM)  was  uti¬ 
lized,  due  to  better  growth  stability  in  lower  solution 
concentrations  [58].  KNO3  (50  mM)  was  used  as  the  supporting 
electrolyte,  as  the  conventional  KC1  contains  chloride  ions,  which 
are  corrosive  for  some  metals  [59  .  Chloride  free  electrolytes  con¬ 
taining  an  alkaline  salt  of  platinum  hydroxide  and  platinum  tetra¬ 
chloride-phosphate  have  been  already  reported  for  depositing  on 
Ni  and  stainless  steel  [60].  The  type  of  supporting  electrolyte  affects 
the  morphology  of  the  deposited  Pt,  for  instance,  it  has  been  shown 
that  by  using  KC1  in  cyclic  deposition  of  Pt,  irregular  shaped  Pt 
nanoparticles  are  formed  on  FTO,  while  NaN03  results  in  different 
shapes  such  as  nanograss  and  nanoflowers  [53].  It  is  also  demon¬ 
strated  that  using  SO4-  ions  in  a  pulse  electrodeposition  of  Pt,  nano 
flower-like  Pt  structures  are  produced  [52]. 

In  solar  cells,  the  ultimate  goal  is  producing  Pt  films  with  the 
morphology  that  results  in  the  highest  electrocatalytic  activity 
using  the  lowest  quantity  of  Pt,  so  we  employed  a  cyclic  electro¬ 
deposition  method  for  Pt  deposition. 

The  conventional  constant  voltage  electrodeposition  produces 
low  density  of  nuclei,  hence  low  surface  area.  At  a  constant  voltage, 
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Fig.  4.  Cyclic  deposition  of  Pt  nanoparticles  on  Cr  substrate:  the  deposition  current  of  Pt  (near  -0.6  V)  increases  with  increasing  number  of  cycles.  The  electrodeposition  current 
increases  significantly  with  increasing  the  solution  temperature  from  25  °C  (a)  to  40  °C  (b)  and  50  °C  (c). 


the  nuclei  are  formed  at  the  beginning  of  the  growth,  when  there  is 
a  sufficient  supersaturation.  Soon  after  the  initial  nucleation,  a 
depletion  layer  is  formed  and  supersaturation  drops  below  that 
needed  to  form  new  nuclei.  Therefore,  growth  continues  on  the 
already  formed  nuclei.  Control  of  the  electrodeposition  conditions 
in  order  to  keep  supersaturation  for  more  nucleations  is  very  crit¬ 
ical  for  attaining  high  density  of  Pt  nanoparticles  on  the  surface,  in 
particular  cases  such  as  our  case  where  the  solution  concentration 
is  low.  In  the  cyclic  electrodeposition,  the  flux  of  ions  that  diffuse 
from  the  bulk  to  the  surface  can  be  controlled  by  controlling  voltage 
step  and  scan  rate.  The  current-voltage  curve  for  Pt  deposition 
using  cyclic  deposition  is  shown  in  Fig.  4. 

In  this  Pt  deposition,  when  the  potential  decreases  from  0.2  V,  Pt 
(IV)  reduces  to  Pt  (II)  and  then  to  the  metallic  Pt  [53].  As  the  po¬ 
tential  is  made  more  negative  (down  to  about  -0.6  V),  the  rate  of 
reduction  (Pt(II)  to  metallic  Pt)  increases  rapidly  and  Pt  nuclei  are 
formed.  At  a  potential  slightly  more  negative  than  the  cathodic 
peak,  the  current  is  controlled  by  diffusion  of  ions  across  the 
depletion  layer  to  the  surface  of  the  electrode.  This  is  diffusion 
controlled  system  where  the  already  existing  nuclei  are  grown 
larger.  This  is  the  advantage  of  the  cyclic  deposition  method  to  the 
constant  current  or  constant  voltage  deposition  that  in  each 
deposition  cycle  nucleation  and  then  growth  takes  place.  At  higher 
deposition  temperatures  the  peak  current  is  enlarged  and  so  the 
nucleation  rate  increases  significantly  as  shown  in  Fig.  4. 

In  the  reverse  cycle,  some  of  the  metallic  Pt  particles  oxidize  to 
Pt  (II)  and  dissolve  in  the  solution  53],  hence  after  a  few  cycles,  the 
colour  of  deposition  solution  becomes  darker.  The  main  reaction  in 
the  Pt  electrochemical  deposition  is: 

PtCl§-(aq)  +  4e-  ->  Pt(s)  +  6CP  (aq)  (1 ) 


3.22.2.  Morphology.  SEM  images  of  Pt-Cr  films  electrodeposited 
at  40  °C  for  5, 10  and  20  cycles,  as  well  as  55  °C  for  20  cycles  are 
presented  in  Fig.  5.  One  notes  that  the  density  of  deposited  particles 
increases  with  the  number  of  cycles  (Fig.  5a— c).  The  cyclic  elec¬ 
trodeposition  causes  new  nuclei  form  in  each  cycle,  in  contrast  to 
the  constant  voltage  electrodeposition  that  leads  to  the  growth  of 
initially  formed  nuclei.  The  nanoparticles  have  a  good  dispersion  on 
the  substrate,  and  they  are  hardly  agglomerated.  Flowever,  in 
average  more  density  of  nanoparticles  is  observed  at  the  edges  of 
the  Cr  cubes.  This  can  be  due  to  the  electric  field  distribution 
around  the  edges.  The  electric  field  at  sharp  locations  such  as  edges 
is  significantly  enhanced.  There  are  many  growth  sites  (ledge,  kink 
and  ledge-kink  sites)  on  these  non-flat  edges.  For  two  conductive 
planes  that  defines  a  corner,  if  the  corner  angle  is  90°  and  p  is 
distance  from  the  intersection  of  two  corners,  the  surface  charge 
density  will  be  proportional  to  [60],  so  there  is  an  accumu¬ 

lation  of  electrons  at  the  edges  of  Cr  cubes.  In  contrast,  for  a  deep 
corner  (angle  equal  to  270°)  the  surface  charge  density  is  propor¬ 
tional  to  p.  In  case  of  flat  substrates  such  as  FTO  the  electric  field  is 
expected  to  be  uniform. 

Comparison  of  Fig.  5c  and  d  demonstrates  the  effect  of  deposi¬ 
tion  temperature.  The  density  of  deposited  Pt  is  increased  at  55  °C. 
This  is  more  clearly  observed  at  the  edges  where  high  density  of  Pt 
nanoparticles  is  formed.  This  is  in  agreement  with  the  current- 
voltage  data  (Fig.  4)  which  show  increased  deposition  current  for 
higher  bath  temperatures.  Fig.  6  illustrates  the  SEM  images  of  Pt 
nanoparticles  grown  on  a  FTO  substrate  with  cyclic  electrodeposi¬ 
tion  at  40  °C  for  20  cycles. 

Comparing  the  images  with  similar  scale  bar,  one  observes 
significantly  lower  number  of  Pt  nanoparticles  on  the  FTO  substrate 
compared  to  the  Cr  substrate.  Pt  particles  on  FTO  are  also  much 


Fig.  5.  SEM  images  of  Cr— Pt  films.  Pt  nanoparticles  were  cyclically  electrodeposited  at  40  °C  for  5  cycles  (a),  10  cycles  (b),  and  20  cycles  (c);  and  55  °C  for  20  cycles  (d). 


304 


F.  Behrouznejad,  N.  Taghavinia  /  Journal  of  Power  Sources  260  (2014)  299-306 


Fig.  6.  Images  of  FTO-Pt  films.  Pt  was  cyclically  electrodeposited  at  40  °C  for  20  cycles.  Images  showing  different  scales,  demonstrate  that  nuclei  are  formed  in  different  sizes. 
At  large  scale,  clusters  of  Pt  nanoparticles  are  formed  during  electrodeposition  process. 


larger.  The  dispersion  of  the  particles  on  the  surface  is  also  not 
comparable,  especially  at  a  larger  scale,  where  some  of  these  par¬ 
ticles  join  to  create  clusters  of  Pt  particles  (Fig.  6c),  this  demon¬ 
strates  that  cube-like  Cr  is  a  better  substrate  for  of  small  and 
dispersed  Pt  nanoparticles. 

3.22.3.  DSCs  with  Cr  based  counter  electrode.  DSC  devices  were 
fabricated  using  Cr-Pt  counter  electrodes  and  were  compared 
with  the  cells  utilizing  the  conventional  FTO-Pt  electrodes.  Fig.  7 
displays  the  device  performance  data  of  the  cells  having  different 
counter  electrodes,  and  Table  1  summarizes  the  characteristic 
data.  The  photoanode  is  the  same  for  the  cells  and  consist  of  a 


Voltage  (V) 


transparent  dye  sensitized  Ti02  film,  without  a  scattering  film. 
The  current-voltage  curves  in  Fig.  7a  compare  Cr-Pt  counter 
electrodes  prepared  by  cyclic  electrodeposition  at  25  °C  for  5, 10, 
15  and  20  deposition  cycles.  As  expected,  the  open  circuit 
voltage  (Vqc)  is  almost  unaffected  by  the  type  of  the  counter 
electrode.  The  data  shows  5  deposition  cycles  is  not  sufficient  to 
provide  the  required  low  charge  transfer  resistance.  For  counter 
electrodes  deposited  10  cycles  and  more,  the  device  performance 
is  almost  identical.  Flowever,  the  problem  is  the  relatively  poor 
filling  factor  of  these  cells,  i.e.  less  than  0.6.  In  principle, 
the  filling  factor  is  a  measure  of  the  internal  resistivities  of  the 
cell. 


Voltage  (V) 


Fig.  7.  J—V  plots  (a)  and  EIS  Nyquist  plots  (b)  for  DSCs  with  counter  electrodes  consisting  of  Cr  substrates  cyclically  Pt  electrodeposited  with  different  number  of  cycles.  Filling  factor 
in-creases  by  increasing  the  number  of  cycles;  however  current  density  increases  up  to  15  cycles  and  then  decreases  due  to  diffuse  reflection  loss.  The  size  of  the  first  semi-circle  in 
Nyquist  plots,  corresponding  to  charge  transfer  at  the  counter  electrode,  becomes  smaller  with  increasing  the  number  of  cycles.  The  effect  of  deposition  temperature  (25  °C,  40  °C 
and  55  °C)  on  the  current  density-voltage  (c)  and  on  the  charge  transfer  resistance  (d)  is  shown  for  20  deposition  cycles  in  comparison  with  the  conventional  FTO-thermal  counter 
electrode.  No  scattering  film  was  used  in  the  photo-anode  of  the  cells,  in  order  to  show  the  effect  of  diffuse  reflection  from  the  surface  of  counter  electrodes. 
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Table  1 

Device  parameters  of  DSCs  based  on  thermal  Pt  and  cyclic  electrodeposition  on  cube-like  Cr  in  comparison  with  DSC  based  on  conventional  FTO-thermal  Pt  counter  electrode. 
No  scattering  film  was  used  for  the  Ti02  photo-anode.  An  average  for  3  or  4  samples  is  reported  for  each  case.  The  characteristics  for  each  sample  are  reported  in  the  Sup¬ 
plementary  information— Extended  Table  SI. 


Substrate 

Type  of  Pt 
deposition 

Deposition 
temperature  (°C) 

Number  of 
cycles 

Rs  (Q)a 

Rct,  Pt  (Q  cm2) 

1  Jsc  (mA  cm  2) 

Voc  (V) 

FF 

r,(%) 

FTO 

Thermal 

450 

- 

22.9 

1.38 

14.81 

0.720 

0.63 

6.78 

Cr 

Thermal 

450 

- 

12.3 

13.08 

14.00 

0.67 

0.49 

4.73 

Cr 

Cyclic 

25 

5 

11.25 

6.79 

12.05 

0.67 

0.46 

3.60 

Cr 

Cyclic 

25 

10 

11.40 

3.99 

13.86 

0.67 

0.50 

4.75 

Cr 

Cyclic 

25 

15 

8.84 

2.25 

13.72 

0.678 

0.58 

5.45 

Cr 

Cyclic 

25 

20 

9.90 

1.45 

14.61 

0.660 

0.62 

6.07 

Cr 

Cyclic 

40 

20 

10.11 

0.54 

17.99 

0.683 

0.69 

8.50 

Cr 

Cyclic 

55 

20 

9.35 

0.40 

15.76 

0.720 

0.69 

7.81 

a  The  series  resistance  is  not  normalized  to  the  surface  area. 


The  equivalent  resistor  elements  in  the  cell  can  be  evaluated  by 
EIS  analysis.  Fig.  7b  displays  the  Nyquist  EIS  plots  for  the  mentioned 
cells.  The  plots  were  modelled  using  the  circuit  model  depicted  in 
the  inset  of  the  figure.  The  first  semicircle,  at  low  Z'  values,  corre¬ 
sponds  to  the  charge  transfer  at  the  Pt  counter  electrode.  The  values 
of  charge  transfer  resistance  Rc t>  pt  is  reported  in  Table  1.  One  ob¬ 
serves  that  Rct,  Pt  is  significantly  dependent  on  the  number  of  cycles. 
For  5  cycles,  Rc t)  pt  is  6.79  Q  cm2  in  average,  which  is  generally  not 
appropriate  for  DSCs.  For  20  cycles,  Rct>  pt  is  1.45  Q  cm2  in  average. 

Fig.  7c  and  d  shows  the  effect  of  the  electrochemical  bath 
temperature  on  the  performance  of  the  corresponding  cells. 
Reference  cells  utilizing  FTO-thermal  Pt  counter  electrodes  are  used 
for  a  comparison.  Cr-Pt  counter  electrodes  were  prepared  by  a 
cyclic  electrodeposition  for  20  cycles  at  25  °C,  40  °C  and  55  °C.  The 
J—V  plots  clearly  show  the  remarkable  role  of  deposition  temper¬ 
ature  on  the  performance  of  the  cells. 

The  highest  device  performance  is  obtained  for  40  °C  deposition 
temperature:  Jsc  =  18.0  mA  cm-2,  V0c  =  0.715  V,  FF  =  0.68  and 
conversion  efficiency  rj  =  8.77%.  One  should  note  that  no  scattering 
film  was  used  in  the  cell.  The  diffuse  reflection  of  Cr  surface  is  lower 
than  that  of  Ti02  scattering  layer  (for  example  with  size  of  150- 
250  nm  and  anatase  phase)  in  air,  but  the  diffuse  reflection  of  Ti02 
scattering  layer  decreases  significantly  inside  the  electrolyte  in  dye 
solar  cells  down  to  about  50%  due  to  decreasing  the  refractive  index 
contrast  of  Ti02  and  the  surrounding  medium  61],  therefore  it 
seems  Cr  films  do  relatively  similar  back-reflection  function  as  the 
conventional  large  Ti02  back  reflector  films. 


Voltage  (V) 


Fig.  8.  The  current  density-voltage  curves  for  DSCs  with  Cr-Pt  counter  electrodes, 
compared  to  the  conventional  FTO-thermal  Pt  electrode.  Pt  nanoparticles  on  the  cube¬ 
like  Cr  film  were  deposited  by  cyclic  electrodeposition  at  40  °C  and  55  °C.  The  cells 
were  fabricated  using  a  Ti02  photoanode  containing  a  scattering  film.  The  effect  of 
counter  electrodes  in  these  optimized  conditions  is  only  on  the  filling  factor. 


For  55  °C,  the  cell  shows  slightly  lower  current  density.  This  is 
mainly  due  to  the  relatively  darker  appearance  of  the  counter 
electrode,  which  reduces  the  intensity  of  back-reflected  light  from 
the  surface  of  Cr-Pt  electrode.  For  the  reference  cell  with  FTO-Pt 
counter  electrode  Jsc  is  lower  possibly  due  to  the  less  back-reflected 
light  (FTO-Pt  is  almost  transparent),  and  FF  is  slightly  inferior 
presumably  due  to  a  larger  Rct>  pt  and  Rs  (series  resistance).  The 
charge  transfer  resistance  can  be  also  the  main  differentiating 
factor  for  40  °C  and  55  °C  cells  compared  to  the  25  °C  cell.  The 
values  of  Rct,  pt  and  Rs  were  measured  by  the  EIS  plots  (Fig.  7d),  and 
tabulated  in  Table  1.  The  charge  transfer  resistance  at  the  counter 
electrode,  Rct,  pt,  becomes  remarkably  low  for  Cr-Pt  electrodes 
prepared  at  40  °C  and  55  °C;  i.e.  as  low  as  0.27  Q  cm2.  This  is  the 
reason  for  the  greatly  improved  conversion  efficiency  of  the  Cr- 
based  cells. 

Higher  current  peak  and  small  potential  difference  as  low  as 
0.2  V  between  anodic  and  cathodic  current  peak  in  cyclic  voltam- 
mograms  (that  are  obtained  in  iodide  based  electrolyte),  show  high 
electro-catalytic  activity  of  these  new  counter  electrodes  (Sup¬ 
plementary  information— Fig.  S3). 

Fig.  8  shows  the  J—V  plots  for  the  optimized  DSCs  utilizing  a 
scattering  back-reflector  film.  Cr-Pt  counter  electrodes  of  40  °C/20 
cycles  and  50  °C/20  cycles  are  compared  with  FTO-Pt  films  pre¬ 
pared  using  the  conventional  thermal  decomposition  method. 
Table  2  summarizes  the  device  performance  data.  Jsc  and  V0c  of  the 
cells  are  almost  similar,  with  Cr-Pt-40  °C  showing  the  highest  Jsc 
(19.93  mA  cm-2)  and  FTO-Pt  showing  the  highest  V0c  (0.710  V).  The 
main  differentiating  factor  is  the  filling  factor  which  is  0.68  for  Cr- 
based  cells  and  0.63  for  FTO-based  cells.  This  again  confirms  the 
claim  that  using  Cr-Pt  electrode  reduces  the  internal  resistance  of 
the  cell.  A  conversion  efficiency  as  high  as  9.52%  is  obtained  with 
Cr-Pt  cells. 

The  highest  device  performance  is  obtained  for  40  °C  deposition 
temperature:  Jsc  =  18.0  mA  cm-2,  V0c  =  0.715  V,  FF  =  0.68  and 
conversion  efficiency  77  =  8.77%.  One  should  note  that  no  scattering 
film  was  used  in  the  cell.  For  55  °C,  the  cell  shows  slightly  lower 


Table  2 

Device  parameters  for  DSCs  with  Cr— Pt  counter  electrode  in  comparison  with  DSC 
with  conventional  FTO-thermal  Pt  counter  electrode.  A  scattering  film  is  used  in  the 
photo-anodes.  An  average  for  3  or  4  samples  is  reported  for  each  case.  The  charac¬ 
teristics  for  each  sample  are  reported  in  the  Supplementary  information-Extended 

Table  S2. 


Substrate 

Type  of 
deposition 

Deposition 

temperature 

(°C) 

Number 
of  cycles 

Jsc 

(mA  cm  2) 

Voc 

(V) 

FF 

n  (%) 

FTO 

Thermal 

450 

— 

19.64 

0.707 

0.630 

8.71 

Cr 

Cyclic 

40 

20 

19.73 

0.693 

0.692 

9.24 

Cr 

Cyclic 

55 

20 

19.59 

0.693 

0.694 

9.49 
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current  density.  This  is  mainly  due  to  the  relatively  darker 
appearance  of  the  counter  electrode,  which  reduces  the  intensity  of 
back- reflected  light  from  the  surface  of  Cr-Pt  electrode  (IPCE 
spectra-Supplementary  information,  Fig.  S4).  For  the  reference  cell 
with  FTO-Pt  counter  electrode,  Jsc  is  lower  possibly  due  to  the  less 
back-reflected  light  (FTO-Pt  is  almost  transparent),  and  FF  is 
slightly  inferior  presumably  due  to  a  larger  Rc t>  pt  and  Rs  (series 
resistance).  The  charge  transfer  resistance  can  be  also  the  main 
differentiating  factor  for  40  °C  and  55  °C  cells  compared  to  the  25  °C 
cell.  The  values  of  Rct>  pt  and  Rs  were  measured  by  the  EIS  plots 
(Fig.  7d),  and  tabulated  in  Table  1. 

4.  Conclusion 

A  novel  counter  electrode  consisting  of  an  electroplated  cube¬ 
like  chromium  substrate  and  cyclically  electrodeposited  Pt  nano¬ 
particles  is  introduced  for  DSCs.  The  cube-like  Cr  substrate  shows  a 
cubic  morphology  with  a  high  surface  area,  suitable  for  depositing 
dispersed  Pt  nanoparticles.  It  also  provides  very  low  sheet  resis¬ 
tance  compared  to  FTO,  which  considerably  reduces  the  series 
resistance  of  the  cells.  We  have  demonstrated  that  the  charge 
transfer  resistance  at  the  Pt  electrode  can  be  as  low  as  0.27  Q  cm2 
for  cyclically  electrodeposited  Pt  films  on  cube-like  Cr  film.  The  Cr- 
Pt  film  electro-deposited  at  40  °C  for  20  cycles,  shows  the  highest 
conversion  efficiency  of  8.77%  without  a  scattering  film  and  9.52% 
with  a  scattering  film.  The  results  prove  the  feasibility  of  replacing 
the  conventional  expensive  FTO  substrates  with  Cr  electroplated 
conductive  layers  or  foils.  This  is  expected  to  reduce  the  fabrication 
cost  and  improve  the  device  performance  by  decreased  series  and 
internal  resistance  of  the  cells,  particularly  for  large  cells  and 
modules.  The  process  being  near  room  temperature,  makes  it 
possible  to  use  flexible  metal  foils  or  conductive  plastics  as  the 
substrate  of  DSCs.  The  method  is,  in  principle,  applicable  to  other 
substrates  including  ITO/PEN  or  metal  foils,  with  some  consider¬ 
ations  on  the  stability  in  the  Cr  electroplating  bath,  as  well  as  the 
adhesion  concerns. 

Appendix  A.  Supplementary  data 

Supplementary  data  related  to  this  article  can  be  found  at  http:// 
dx.doi.org/10.1016/j.jpowsour.2014.02.074. 
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